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developing space and missile systemeg. Expertise in the latest scientific devel-
opments ig vital to the accomplishment of tasks related to thege problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry pPhysics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, snd high-power gas lasers.

Chemistry and Phyaics Laboratory: Atmospheric reactions and atrmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sengitive materials and sengors, high precision lager ranging, and the appli-
cation of physics and chemi stry to problems of law enforcement and biomedicine,

Electronics Research Laboratory; Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution: millimeter wave and far-infrared technology,

Materials Sciences Laboratory: Development of new materials; metal
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and ceramics in Teentry; spacecraft materials and electronic components in
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rosion and fatigue-induced fractures in structural metals,

. Space Sciences Laboratery: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; nagnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar phyeics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solay activity on the earth's atmosphere, ionopphers, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia.
tions in Bpace on space systems,
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ABSTRACT

This report is the user's guide to the data obtained by the ATS-6

Aerospace Corporation energetic particle detector and deposited at

the National Space Science Data Center. Contained are descriptions

of the instrument, calibration data, information on instrumental and

operational anomalies and a description of the procedures used to

reduce the data.

A description of the format of the data is also presented.
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ATS-6

Energetic Particle Radiation
Measurement at Synchronous
Altitude

G. A. PAULIKAS

1B, BLAKE

§. 8. IMAMOTO

Space Physics Laboratory
The Aercspace Corporation
El Segundo, Calif. 90245

Abstract

The Asraspace Corporation snergetic slactron-proton spestromater
opersting on Applications Technology Satellits-8 (ATS-8) detacts
energetic slactrons in four channels hatwesn 140 keV and grester
than 3.9 MsV, snd messures ensrgetic protons in five anergy chen-
nals betwean 2.3 and 80 MaV and enargetic alpha perticies in three
chenneis between 9.4 and 94 MeV. After more than a year of
oparation in orbit, the experiment continues to mturn axcellent
data on the behavior of energetic magnetospheric electrons as well
= information regarding the fluxes of soler protons and siphs
particles.

Manuscript received August 1, 1975, Copyright 1975 by JEEE
Trans. Aerospace and Electronic Systems, vol. AES-11,no, 6,
November 1975,

This work was supported in part by the U. S. Air Force Space and
Missile Systems Organization, under Contract FO4701 -14C0075,
and in part by the National Acronautics and Space Administration,
under Contract NASW-2762.

I. Introduction

The region of space near the synchronous altitude is a
fascinating part of space where various domains of the
magnetosphere meet and interact. Fig. 1, taken from Frank
[1], graphically flustrates the confluence of the plasma-
pause, the extraterrestrial ring current, the boundary of the
zone of energetic particles, and the Earthward terminus of
the plasma sheet in the immediate vicinity of 6.6 R,. The
study of the interaction of the various plasmas with vastly
different densities and temperatures and the energization
and dynamics of these plasmas are the goals of the Environ-
mental Measurements Experiments (EME) on Applications
Technology Satellite-6 (ATS-6).

The aerospace experiment described in this paper con-
tributes to these goals through measurements of the high
energy tail of the electron distribution function. The experi-
ment covers the energy range for electrons from 140 keV
to greater than 3.9 MeV, and the experiment is expected to
yield important results regarding the acceleration and
dynamics of the energetic electrons. While previous
measurements (see the compilations [8] and [9]) have con-
tributed a great deal of information regarding the behavior
of energetic electrons at the synchronous altitude, compre-
hensive measurements such s those being made on ATS-6
of the entire distribution function for a given particle
species have never been made.

Not shown in Fig. I, but also present in this region of
space during solar particle events, are energetic protons and
alpha particles (and possibly electrons) of solar origin.
These salar particles may penetrate to altitudes as low as 4
R, (depending on particle rigidity and magnetic activity)
but, in general, the gradient of solar protons is located
somewhere in the vicinity of 6.6 R,. The experiment
measures the fluxes and spectra of solar particles reaching
the synchronous orbit. (The proton thresholds of this ex-
periment are too high to permit the detection of the proton
component of the trapped radiation.)

I. Description of the Experiment

A. Physicsl and Electronic Configuration

The instrument consists of four separate sensors, one
two-detector element telescope and three omnidirectional
single-detector units. An overall view of the instrument is
presented in Fig. 2, and a functional schematic of the
electronics is presented in Fig. 3.

The counter telescope uses silicon surface-barrier detec-
tors of ORTEC manufacture behind a disk-loaded collima-
tor. The first detector is 50 mm? in area and 230um deep
and the second detector is 200 mm? in area and 100gm
deep. Both are totally depleted. Five electronic discrimi-
nator levels are used with the first detector, The two upper
levels are set above the maximum energy a proton can de-
posit in the detector and thus are sensitive to alphas only
(actually Z 3 2). The next two levels are sensitive to pro-
tons (actually all jons) but not electrons, and the lowest
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Fig. 1, Spatial relatianships near the synchronous orbit at locsl mid-
night between the ring current, the piasmapause, the anergetic
particla trapping boundary, and the Earthward terminus of the
Pplasma sheet. This figure is qQualitative and representative of magne-
tic quiet (from Frank [1]).

level is sensitive to all particles in the appropiiate energy
range. The sole function of the second detector is to inhj-
bit from analysis any penetrating particles. Section 1IB pro-
vides details about the energy channels.

The three omnidirectional sensors use small cubical
lithium-drifted silicon detectors centered under a hemi-
spherical shell and heavily shielded {relative to the hemi-
spherical shield) over the rear 2x solid angle. Protons are
separated unambiguously from electrons by setting the
second discriminator level well above the maximum energy
an electron can deposit in the small semiconductor detec-
tor. The fact that dE/dx {energy loss per unit path length)
is much greater for protons than for electrons (in the
energy range of geophysical interest) is utilized. The
absence of electron contamination in the proton channels
was verified by electron irradistion of the sensors. The
proton threshold of each of the three sensors was deter-
mined primarily by the thickness of the hemispherical
shield, with the energy threshold of the two most lightly
shielded units somewhat affected by the electronic thres-
holds as well. The most lightly shielded omnidirectional
sensor has a third electronic level set above the maximum
proton energy deposit to provide an alpha particle channe.
The two heavier hemispherical shields were made of
beryllium to minimize Bremsstrahlung and maximize the
threshold sharpness. The most lightly shielded shield is
aluminum since an aluminum shisld is much cheaper and
the performance difference negligible for such a thin shield.

The electronic subsystem of the experiment is shown
schematicaily in Fig. 3. The input stage of the preamps
utilize an n-channel field-effect transistor. In order to
maintain a low system noise, the input stage is enclosed in a
shielded compartment. The characteristic long-tail pulse
from the preamplifier is thaped by a pole-zero shaping net-
work into a pulse with a 1.us time constant. The high level
discriminators (greater than 8 MeV) are driven directly
from the output of the shaping circuit. Qutput from the
shaping network is also coupled to an operational amplifier
which provides the additiona] gain required to trigger the

PAULIKAS: OMNIDIRECTIONAL SPECTROMETER

Fig. 2, Overall view of the energetic particle spectrometer on ATS-8.
Directional detectors are housed inside the cylindircal collimator
structyre in the foreground.

b e
INHIBIT
e

e

DETECTOR BUAS -~ - -
gy ==
gy ----
.

low energy thresholds, Preamplifier gain is set by an adjust-
able feedback capacitor. Gain of the operation amplifier is
set by a feedback resistor. -

The discriminator is ¢ssentially a comparator driving a
tunnel diode. The threshold voltage is set by a lab-set resis-
tor. Output from the discriminator is a 0-5-V pulse with an
approximate duration of a microsecond. A COS/MOS
buffer circuit accepts the 0-5-V discriminator pulse and pro-
vides a 0-10-V pulse to interface with the spacecraft
encoder,

Sensor 1 uses two sets of circuits identical to those used
for sensors 2, 3, and 4. The front detector of the two-
detector array has five discriminators which drive an inhibit
circuit; particles penetrating through the first detector are
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Fig. 4. Efficisncy of detection of elactrons in the £1 channel, This
channel has a nominal energy sensitivity of 140-800 keV. Sensitiy-

ity of this channe| below the nominal slectronic threshold is
assaciated wih the finite noise of the detector,

1000 1200 jagg

EFFECTIVE aRea, UNIDIRECTIONAL FLUX, gm 2

ENERGY £ My
Fig. 5. Etfective sres of the £2 F3 and £4 alectron channels as
# function of electron energy, This sffective ares, when integrated
over the anguiar response of the detector, yields the omhidirac-
tional geometric factor,
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Fig. 8. Efficiency for detection of protons in the P1 and P2 chan.
nols of the counter telescope.
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Table |

Channel Passband or ¢eC
Threxhold {MeV)
El 0.140 - 0, 690 15 em? | gy
E2 6. 700 . 00349 2
E3 1.55 0178 em?
E4 3.90 . 0688 cm?

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS

thus rejected, COS/MOS logic is used to perform the trail-
ing edge logic in the inhibit circuit. Trailing edge logic is
used to compensate for “walk” in the discriminators, Qut.
puts from the inhibit circuit are also buffered to interface
with the encoder. :

" A DC-DC converter provides the required instrument
bias voltages. Power from the spacecraft is coupled to a
series pass stage to limit the experiment turn on transient
and to protect spacecraft relays. The converter section is
completely enclosed in an electrostatic shield to minimize
undesirable pickup by the counting circuits. Total power
consumption is 475.540 mw, depending on the count rate
at which the instrument s operating,

Terminal boards with discrete components and point-to-
point wiring are used in the construction of the amplifiers,
discriminators, and power supply. Printed circuit and
integrated circuits are used for the inhibit and buffer cir-
cuits. Tota! experiment weight is 1.2 kg,

B. Detector Calibration Data -
1) Electron Channels. Figs.4 and 5 display the electron

calibration data in grephical form. The £1 channel employs
a directional geometry of 1.6 X 107 em? « g1 the E2,E3,

. and £4 channels used on emnidirectional geometry and

thus the calibration data, obtained with a plane paralle]
beam, must be integrated aver the angular acceptance of
these detectors in order to arrive at the omnidirectional
efficiency as a function of energy, However, it is conven-
ient to define thresholds gnd geometric factors for obtain.
ing rapid estimates of fluxes. These thresholds and
geometric factors are calculated by numerically intograting
the response function over various spectral shapes and find-
ing the threshold which minimizes the variation of the
calculated geometic with spectral shape, The results are
given in Table [,

The proton ang alpha particle channels have negligible
sensitivity to electrons, ' '

2} Proton Channels: The proton calibration data for
channels P1 and P2 are shown in Fig. 6. The thresholds of
these two channels are sharp enough {AE/E,,,,,,,,,,M<<1 ,
where AE ~ E (e = 90 percent) —E(e= 10 percent) to
eliminate the need for numerically integrating over the
response function. The geometric factors of the other
proton channels (the ominiditectional 8€nsors) were com-
puted and spot checked at severa] energies where accelers-
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tor protons were available, Table II gives the resu]ts, Un-
fortunately, ATS-6 weight constraints prevented the use of
sufficient back shielding to render back penetration negligi-
ble for all proton spectra. Two different thicknesses of
shielding covered the rear hemisphere and thus each chan-
nel has three passbands and geometric factors, These “rear
Passbands” are also given in Table 18 .

In all cases the electron channels are sensitive to protons.
However, as a general rule, at the synchronous orbit the
electron fluxes far exceed those of the trapped protons.
Under unusual conditions, j.e., during solar proton events
apparent electron counts can be due to protons, The
efficiencies of the electron channels for protons are Eiven in
Table {I1.

The proton channels can be triggered by alphas (or
higher Z particles); the relative abundance of aiphas to
Protons renders this contamination negligible,

ill. Operational History

The experiment on ATS6 was first powered in orbit on
June 14, 1974, and has been operating almost continuously
since that time; such brief shutdowns of the experiment as
have oceurred have been associated with tests of other ex-
periments on ATS-6. Severa] minor anomalies in the per-
formance of the experiment have been observed during the
first year of operation, None of these affect the quality of
utility of the data in any significant way and al| goals of the
experiment are being met.

v, Preliminary Results

This brief summary of the preliminary resuits already
obtained from the ATS.6 experiment is an indication of
some of the unique contributions ATS-6 data will make to
our undetstanding of the behavior of the magnetosphere
and the entry and motion of solar particles in the magneto-
sphere.

A. Energetic Electrons

The first data on energetic electrons obtained by ATS-6
showed that the electron fluxes were much more dynamic
than earlier observations [51-[7] on ATS-1 had indicated,
ATS-6 data indicated the virtual disappearance of energetic

quadrant, Such “dropouts” were observed only rarely on
ATS-1. In order to make 3 quantitative check on this im-
pression, data were obtained from the experiment from
ATS-1 for the same time period for a direct comparisorn of
ATS-6 and ATS-1 energetic electron observations, Thege
comparisons are shown in Figs. 7 and 8. Fig. 7 illustrates ob-
servations made during a magnetically quiet period {day
201) which wag preceded by three days of magnetic quiet.
In general, ATS-6 and ATS-1 energetic electron count rates

PAULIKAS: OMNIDIRECTIONAL SPECTROMETER

Table 11
’ Channel F"I“M:'ﬂ' G Plrticlej
[
| Pl 2.3-5,3 160 em® . or P
- 3.4-5,3 160 cm? - o »
P 9. 4-21,2 160 em® - 4r p
PB 13.4:21,2 160 em? . gr .
P4 12.26 . 0045 cm? b
Ps 46100 . 0048 cm? a
Pé 20.52 . 0188 cm? P
P7 40-90 L0412 cm? P
Raar Passbands
Pda 58.68 .0023 cm? P
P4b 8596 L0017 cm? P
Fsa .232-265 . 0033 cm? a
Pk 344.370 L0031 cm? o
Péa 58-86 . 0135 om? p
Pbb 86-109 (0128 ¢m? P
P7s 58-108 . 0368 cm? p
L PTb 86-132 L0318 e P
Table (1}
Channel m:'v':y [} Particle T
—
El ea footnote ) :mz - P
B2 12-1%0 L0674 cm? P
E3 21-290 D267 cm? B
E4 40-520 817 :m‘z p
Rear Passhandy
E2a 58-310 .006) cm? »
E2b 86330 . 0057 ¢m? ?
Ela 58-470 . 0260 em? 3
£ 86-490 + 0244 cm? P
Eda 58.350 L0595 cm? P
o 86-650 . 0868 cm? P

‘T}n El elactron channal s senditive to protons with Margies greater
than 710 keV. The upper litnit of sensitivity {a of the order 150 MaV
without the veto triggar, mbout 5,3 Mey whan the particle snters, in
duch & way as to hit the veto detactor,

show similar behavior. The sharp decreases in flux near
0430 UT and 0630 UT visible in the ATS-6 data are the
results of substorms. Note that the effects of substorms on
the energetic electrons are much attenuated at ATS-] a5
compared with ATS-6.

During geomagnetically active periods, these js a sub-
Stantial difference in the count rates observed by the two
spacecraft. Fig. 8 illustrates 5 comparison of observations
made at ATS-6 and ATS.] during a disturbed period. Note
the total disappearance of fluy gt ATS-6 while ATS-1
always obsetves finite fluxes.
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Fig. 7. Comparison of energatic electron count rates obssrved by
ATS-6 and ATS1 during a magnetically quist day {day 201}, The
three days preceeding day 201 were algo quiet,

The differences in phenomenology appear to be due to
the different magnetic latitudes of the spacecraft. ATS6 is
located at about 10° magnetic latitude at jts location of
94° W longitude, while ATS-1 js almost exactly on the
magnetic equator at 150° W, The approximately 10° dif-
ference in magnetic latitude appears to be sufficient to
place ATS-6, at times, into regions of space devoid of
energetic electrons. Substorms, for example, as illustrated
in Fig. 7, have a greater effect on the energetic particle
population off the magnetic equator. We can postulate
that, during the later stages of a substorm, the geomagnetic
field relaxes to more dipole-like configuration and the
boundary of energetic particle trapping moves inward and
equatorward past the ATS-6 spacecraft,

The comparisons of with ATS.] ATS-6, data while stil]
preliminary, indicate a surprisingly steep gradient in the
enérgetic electron population as one moves away from the
equator, in other words, a disk-like region of trapping of
energetic electrons near 6.6 R..

B. The Sotar Proton Event of July 4,5, 6, 1974

Several solar proton events have been observed by the
ATS6 detectors during the first year of operation. Al-
though the present time is a relatively quiescent part of the

~ cycle of solar activity, modest outburst of protons {and

heavy nuclei) were emitted by the sun during July and
September 1974 and detected by this experiment and other
experiments aboard ATS-6.

Solar protons of even relatively low energy are able to
reach the synchronous altitude quite readily, without very
much decrease in the flux s these particles transverse the
outer regions of the geomagnetic field. This surprising
result was first noted by experiments on ATS:1 2], (4],
The ATS-6 experiments will provide very much better
insight regarding the trajectories by which solar particles
penetrate deeply into the magnetosphere, the gradients of
solar particie fTuxes near the synchronous orbits, and the
effects of electromagnetic waves on the motion and lifetime
of solar particles inside the geomagnetic cavity.

ATS-4 COUNTS/Q. 738

L | | | \
] 0 i1 * [ 13 x n A
UT {nowrs)
DAY 205, 197 (- 24-10)
‘P -dl°
Fig. 8. Comparison of energetic glectron count rates observed by
ATS8 and ATS-1 during a magnetically disturbed day {day 208),

An overall view of July 1974 solar proton event, as
observed by the experiment on ATS-6, is presented in Fig.
9. The entire event i quite complex. The complexity
arises partly because severaf emissions of particles by the
Sun, somewhat separated in time, are superimposed and
partly because disturbances in the geomagnetic field were
also affecting the fluxes of solar particles,

The effect of one such disturbance, a compression of the
geomagnetic field (presumably by an interplanetary shock)
on solar protons moving within the geomagnetic field, is
shown in Fig. 10, The effect of such a compression is to
increase the observed flux within a given energy channel
because particles are accelerated. The acceleration process
is identical to that which Operates in betatrons. Further.
more, the changes in the configuration of the geomagnetic
field cause the particle flux gradient to move past the detec.
tor. Study of the time development of flux changes, such
as shown in Fig, 10, can give information regarding the way
particles interact with the Spectrum at electromagnetic
waves created during geomagnetic activity [3].

V. Summary

After more than a year of operation irr. orbit, the experi-
ment continues to provide excellent data. All design goals
of the experiment have been met. While data analysis is
still in the preliminary stages, it is clear that the experiment
ont ATS-6 will provide new and unique data regarding the
behavior of energetic electrons at the synchronous altityde.
In particular, correlation of ATS-6 data with data from
other synchronous orbit spacecraft now operating (ATS-1 ,
ATS-5) or planned for the future faunches will give a much
more complete view of the magnetospheric processes oper-
ating at high altitudes,

Acknowledgment

This experiment was the product of a large number of
people whose efforts spanned many years, not because the

1142 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS NOVEMBER 1975

-5




[T I T T ] []
DAY (W% 0704 1q.

#1235 Y wavy
B2 (1453 Megy)

WHNMIINHOil&llﬂl!lll!rlnz!
DAY 106 07.08.74) DAY 147 10T 07 o4

Fig. 9. Count rates of proton and alpha channels during the soler proton evant of July 1974. Dats for two preton chennels and two

alpha channels for 4,5, and 8 July 1974 are presantad hers,

¢

COUNTS/SECOND

A
4 - A
wi ﬁaA%MA Awmma%ﬁﬂu

W@ I N Y N

o
0900005 %060004,000%06%,%050060° Y "

Pl {2,3.5 3 Mev,

o‘%%o%%

P2 12, 4-5.3 Mav)

] | I | L J

150 148 TN 1505 15.00 8.8 1530 1335 1540 1545 15:50  15:55 1000

ur HOURS:MINUTES DAY 188 {OT-0d-74)

Fig. 10. Increase in sojar proton flux associsted with s sudden com-
mencament {a compression of the geamagnetic field) near 15:36 on

July &, 1974,

experiment wag particularly complex but because the [3]
launch of ATS-6 receded several times, We are particularly
grateful to Mrs. G. Roberts for the mechanical design of 4]
the experiment, to the Westinghouse group, particularly F,
McNally, J. Ramsey, and W, King, for their excellent (51
support in the many test and checkout activities, and to R.
Wales of NASA Goddard Space Flight Center (GSFC) and

his associates who saw the experiment through from begin- (6]
ning to end. P. McKowan of GSFC is providing excellent
support in the data acquisition phase of this work. Mrs, T,

Becker wrote the data analysis program which we have used (7]
to date,

Reforsnces

(8]
[1] L.A Frank, “Relationships of the Plasme sheet, ring current, i
trapping boundary and Plasmapause near the magnetic equator  [9
and local midnight,” 7, Geophys, Res., wl. 76, p. 2265, 1971.
[2) L. Lanzerotti, “Penstration of solar protons and alphas to the
Scomagnetic equator,” Phys. Rev, Lett,, vol. 21, p, 929, 1968,

PAULIKAS: OMNIDIRECTIONAL SPECTROMETER

G.A. Paulikas and J B, Blake, “Effects of sudden commence-
ments on solar protons at the synchronous altitude,” /.
Geophys. Res., vol, 75,p. 734, 1970,

——, “Penetration of solar protons to synchronous altitude,” s,
Geophys, Res., vol, T4,p. 2161, 1969,

—=, “The particle snvironment at the synchronous altitude,
models of the tzapped radlation tvironment, vol. 7: Long
termn variations,” NASA, Washington, D.C,, SP-3024, 1971.
G.A. Paulikas, J.B. Blake, S.C. Freden, and §.§. Imamoto, “Ob-
servations of energetic electrons at synchronous altitude, I:
General features and divrnal variations,” J, Geophys, Res., val,
73,p. 4915, 1968,

G.A. Paulikas, J.B. Blake, and J.A, Palmer, “Energetic elec-
trons at the synchronous altitude: A conpilation of data,”
Aerospace Corp., El Segundo, Calif., Rept. TR-0066
(5260-20)4, November 1969,

G.W, Singley and J.I. Vette, “A model environment for outer
zone electrons,” NSSDC 7213, December 1972,

I 1.1 Vette and A.B. Lucero, “Models of the trapped radiation

environment, vol, 3: Electrong at synchronous altitudes,”
NASA, Washington, D.C., 8P-3024, 1967.

1143




1144

George A. Paulikas received the B.S. degree in engineering physics and the M.S, degree in
Physics from the University of Illinois, Urbana, in 1957 and 1958, respectively, and the
Ph.D. degree in physics from the University of California, Berkeley, in 1961.

While at the University of California he was associated with the Lawrence Radiation
Laboratory, doing research in plasma physics and atomic physics. .In 1961 he joined the
Space Physics Laboratory, The Aerospace Corporation, El Sequndo, Calif., as a Member
of the Technical Staff. In this capacity he conducted experimental space physics
research, specializing in studies of trapped and quasitrapped radiation. He is now the
Director of the Space Physics Laboratory. His fields of specialization include studies of
the trapped radiation in the inner Van Allen Belt, measurements of the access of solar
particles to the polar caps and to the synchronous orbit, construction of models of
trapped radiation, and measurement of trapped alpha particles.

Dr. Paulikas is a member of the American Geophysical Union, the American
Astronomical Society, the American Institute of Aeronautics and Astronautics, and
Sigma Xi and is a Fellow of the American Physical Society. During 1957-1958 he was
awarded & University of Illinois Fellowship, and from 1958-1961 he held a National
Science Foundation Fellowship,

J. Bernard Blake received the B.S. degree in engineering physics in 1957, the M.S. degree
in physics in 1958, and the Ph.D. degree in physics in 1962 from the University of
Illinois, Urbana.

He was a Research Associate at the Univessity of Illinois during 1962 when he joined
the Space Physics Laboratory, The Aerospace Corporation, El Sequndo, Calif., as a Mem-
ber of the Technical Staff. He is presently Head of the Space Particles and Fields
Department. His professional activity has included work in nuclear beta decay and parity
nonconservation, the Mossbauer effect, studies of the geomagnetically trapped particles
and auroral phenomena, cosmic ray sources, propagation and entry into the magneto-
sphere, and nuclear astrophysics. In applied work he has been concerned with nuclear
weapons effects on ground and space systems, test monitoring, the interaction of the
natural space environement with satellite systems, radiation damage effects, gnd the
analysis of various satellite subsystems.

Dr. Blake is a member of the American Astronomical Society, the American Geophysi-
cal Union, the American Association for the Advancement of Science, Sigma Xi, and the
Ametican Physical Society. While he was at the University of Iilinois he held industrial
fellowships from Raytheon and Texas Instruments,

Sam S. Imamote received an Engineering Associate of Arts degree from El Camino
College El Camino College, Calif., in 1964.

He joined the Space Physics Laboratory, The Aerospace Corporation, Ei Segundo,
Calif., in 1962, He is presently a Research Associate in the Space Particles and Fields
Department. He has contributed to the design of space instrumentation orbited on more
than 20 spacecraft. He was responsible for the design of the Aerospace Corp. experiment
on ATS-1 as well as for the design of the Aerospace Corp. experiment on ATS-6. His
responsibilities have included all phases of engineering effort from inception to spacecraft
integration,

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS  NOVEMBER 1975

-7-







1I. OPERATIONAL, INSTRUMENTAL AND DATA ANOMALIES

The various anomalies observed during the 1974-1977 interval in
our data are described below. The anomalies have been grouped into several
categories and have each been given a distinctive (if sometimes irreverent)

name.,

A, Instrumental Anomalies

This category describes malfunctions which are directly traceable

to our experiment.

1, The E2 Anomaly
We found, early in the operations of ATS-6, that the E2 channel

totally ceased counting for a few hours at a time on a given day. This
anomaly was found to be associated with the temperature of our instru-
ment: when our instrument was very cold, apparently an intermittent open-
can develop in the E2 data stream, This anomaly was observed only
early after experiment turn-on (< 170, 1974). The practical consequence is
that there are some zero hourly averages for E2 during mid- 1974, which
have been detected.

2. The E4 Anomaly _

The E4 channel exhibited noisy behavior for some local times
between Day 140, 1975 and Day 130, 1976, We suspect that the temperature
of the E4 detector was sufficiently high so that the detector became noisy.
Because of the UNH anomaly (see Section B1, below), we were not able

to determine the temperature at which this (the E4) anomaly occutred,

The practical consequences of the E4 anomaly is that we have ignored all
E4 data between 140, 1975 and 130, 1976 in our work and have deleted these
data from our input to NSSDC.

B. Operational Anomalies

The class of anomalies includes all malfunctions which affected our

data, but whose sources were elsewhere in the ATS-6 spacecraft.




1. The UNH Anormaly

Turn-on of the University of New Hampshire (UNH) experiment on

Day 169, 1974 caused a malfunction in the EME encoder. Specifically, word
189, which contained the health data from our experiment, was affected

so that no valid measurements of the temperatures in our experiment

were obtained after that date. The encoder apparently partially recovered
around Day 139, 1977, however, the decision to operate the UNH experi-
ment starting on Day 171, 1977, again destroyed Word 189. The prac-

tical consequences are that no temperature data from our experiment

are available to aid in the analysis of other anomalies we have observed.

2, The HAC Anomaly
The operation of the Hughes Aircraft Company solar cell

experiment on the ATS-6 EME caused a peculiar (and not understood) inter-
action, with the spacecraft data encoder which had the effect of dropping

a "one'' in the most significant bit of the El1 channel (only) at high counting
rates, This occurred between 0030 and 0330 UT (during the early ATS-6 oper-
é:tion periéd)l and was apparently associétéd with a Aﬂode change (''lockout'’) of
the HAC experiment. ‘Although only the El channel was affected, this anomaly
apparently introduced a sufficient number of warning flags into the data tapes
we received from Goddard, that our data processing program did not process
the first three (UT) hours of data for days shortly after experiment turn-on.
As a result, the first three (UT) hourly averages may be missing from the

data for some fraction of 1974.

C. Data Anomalies

The anomalies described below are associated with mal-
functions inthe data processing systems on the ground as well as with intro-

duction of noise into the data stream by telemetry noise or link dropouts.

1. Proton Data
The proton channels of our experiments, as expected, registered

only very low countrates except during solar proton events (rare in 1974-

1977) .and except during some classes of magnetospheric disturbances (also

relatively rare). Consequently, noisy data, if uncorrected, has a very

-10-
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significant effect on long-term averages of the countrates. There has not
been any systematic effort to remove noisy data points from the proton

data, although we have edited out suspect hourly avéra_ge's. Users of the
proton data are hereby cautioned: proceed carefully, the counts you see may

be but noise,

2. Mis-Labeled Data

Despite the best efforts of all concerned, tapes are occasionally

mislabeled, not labeled in a consistent manner (date/day number), etc.
We have tried to eliminate all such "malfunctions' using such tests as we
considered appropriate, but there may well be some pathological cases
(i.e., mis-identified days of data} that we did not detect. Users are
encouraged to communicate their suspicions to us so that we may improve

the data set,

3. Missging Days of Data, Partial Days

The data quality from ATS-6, although truly outstanding,
was nevertheless not perfect. The users will find that the present data set
contains some partial days of data and some days are entirely missing.
The missing days are typically those which have defied processing for various
reasons, After several attempts, we have simply called a halt and have
asked NASA for replacement tapes. When these tapes arrive, they will
be processed and the gaps will be filled. The problem should be put into
perspective: at the time of writing (August 1977), for example, only 5 days
of 1974 data have resisted processing and 4 days of 1975 data have not
been processed, No doubt some interesting geophysical event will have oc~
curred on one of those missing days, following the well-known perversity of

nature,

4, Magnetometer Data

The magnetometer data incorporated into our data set was
graciously provided by Dr, R, L. McPherron of UCLA., The field informa-

tion was derived from the telemetry data as desc ribed in Section III.
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Magnetometer data may not be associated with all days of our data because
we have processed some quick-look tapes which did not include the magneto-
meter data (or, for that matter, any ephemeris or aspect information).
There was also a malfunction in the UCLA magnetometer which we did

not detect in a timely fashion. As a result, some of the magnetometer
data appears strange because our processing routine did not compensate

for the malfunction (failure of one axis). Upon notification of the malfunction,
we changed the magnetometer data displays from the V, D, H system to

one which presented the data in coordinates of the magnetometer axes

(plus to total field), We suggest that users interested in the magnetometer
data go directly to the UCLA magnetometer data held by NSSDC, rather

than attempting to use our version of the UCLA data,

-12-
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III. DESCRIPTION OF DATA REDUCTION AND DATA FORMATS

A. Aerospace Corporation Experimental Tapes

Each data tape received from GSFC contains one day of data,

including data from the Aerospace Corporation Omnidirectional

Spectrometer and the UCLA Magnetometer, housekeeping data, and

ephemeris data.

The tapes contain several files, each file headed by

a 132 8-bit word (18 CDC 60-bit words) coded title record, followed
by many 64 second frames of data, 32x64 9-bit T/M words and 22 36-bit
coded ephemeris words (321 CDC 60-bit words),

B. Data Reduction and Processing

Each record of T/M data contains one frame, 64 seconds, of data.

From the original T/M Aerospace receives 32 measurements/second,

including the following;

Word

27, 28, 29
1, 25

23

12

15

22

’4’

» H

Description

UT in milliseconds

Counte;, 0-63

Flag, 0 if no error

(E1, E2, E3, E4)x 16

(P1, P2, P3, P4, P5, P6, P7, P8) x 8
Temps, at seconds 53, 54, 55, 56

B By’ B+ fine

Bx’ By' Bz,. medium

The data is checked to insure that the counters (words 1 and 25) are

correct, the flag (word 23) is corréct, and that the time (words 27, 28, 29)

are increasing.

wise not.

If all this checks are passed that data is processed, other-

-13~-
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The processing includes conversion of the T/M data to fluxes for
the omnidirectional spectrometer, gammas for the magnetometer, and fﬂ"
degrees for the thermistors. In addition to the second by second values,
frame averages, 5 minute averages, and one hour averages are calculated,
These are used in detailed plots, and for our two data tape formats, the
Detailed Data Tape Format and Master Data Tape Format described in

gection C.

1. The Ephemeris Data

The ephemeris data consists of 47 values for each 64 second
frame, in the ORB/ATT format, detailed in Appendix A. In particular

the radius, latitude and longitude are obtained from words 18, 19 and 20.

For the calculation of local time the day and year are taken from
the title record, and the time in milliseconds from word 2 of the ephemeris
data. Then the position of the sun in ECI coordinates is calculated, and
compared with the satellite position in ECI coordinates, words 3, 5, and 7,

to calculate the local time.

The attitude transformation matrix, to transform a vector from ~|~]

local vertical to spacecraft body axes, is read from words 36 to 44.

Finally, the matrix to transform from local vertical to dipole
coordinates is calculated, This coordinate system has the z-axis parallel
to the earth's dipole axis (north positive) and the x-axis chosen so that the

satellite is in the x-z plane.

2, The Particle Measurements

The particle measurements are transmitted in the T/M as 9-bit
floating point numbers., These T/M values are converted to counts, and
then to fluxes, using the values below. Four electron measurements are
made each second, and eight ""proton'' measurements are made each
second. The energies and geometric factors for the 12 measurements
are listed below. (Note that the electron multiplication factors differ
from that given in Section I because they include a factor of 4 to convert

from counts/. 25 sec to counts/éec).
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Passband/

Threshold
Channel Particle (MeV) " Factor
El e .140-,600 34,783 cmzlsec-sr
E2 e >.700 1146.1 crnzfsec
E3 e > 1.55 227,27 em®/sec
E4 e >3.90 58.140 cmZ/sec
Pl P 2.3.5,3 6.2500 cmzlsec-sr
P2 P 3.4-5.3 6.2500 cmzlsec-sr
P3 o 9,4-21.2 6.2500 cmzlsec-sr
P4 P 12-26 222.22 cmZ/sec
P5 o 46-100 208, 33 cmzlsec
P6 P 20-52 53,193 em®/sec
P7 P 40-90  24.272 em’/sec
P8 o 13,.4-21.2 6.2500 cmzlsec-sr

3, The Magnetometer Measurements

The UCLA Magnetometer gives medium and fine readings for three
axes once/second, or 64 samples/frame. The T/M values are converted
to gammas in spacecraft coordinates. Then"i'f the local vertical-spacecraft
body axis transformation is available, the three components are rotated to
local vertical, and then to ''dipole" coordinates. If the local vertical-spacecraft
body axis is not available, the magnitude of the field is calculated, and the

three components set to -1.

The calibration coefficients used were obtained using a least-squares
bit to processed magnetometer data supplied by R. McPherron. The
toggling of the fine and medium readings was handled improperly, so an
error as much as 16 gamma may occur on any reading, but the 5 minute

and 1 hour averages should be unaffected.

C. The Data Tape Formats

1. The Detailed Data Tape

The Detailed Data Tape Format is shown in Appendix B. It

contains the processed data on a frame by frame basis, followed by
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5 minute and 1 hour averages., Generally there are 10 days of data

per tape.

The electron and proton measurements are decommutated
each frame, in order to keep the times correct. Only every fourth
magnetometer measurement is copied. Time is monotonic increasing,

and data is filled with -1's in cases of overlap.

After the frame data, there is one record of 0's to indicate the

beginning of the 5 minute and 1 hour averages.

2. The Master Data Tape

The Master Data Tape Format is shown in Appendix C. It
contains the hourly averages from the electron, proton and magnetometer
data, one day per record. All the days for which there is data are in
order chronologically on one tape. It is antici.pated that this will be the

more useful data for continuing studies,

These data have been examined in detail and all suspect data

for the electron and proton measurements have been set to -1,
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WORD

10
'n_
12
13
4
15
16
17
1)

19

20

2

22

APPENDIX A

ATS~F EPHEMERIS DATA
ORB/ATT TAPE FORMAT

(DDAY COUNTY

l@'mulssconos OF DAY

e S

@ x COORDINATE

'@* COORDINATE

@ y COORDINATE

®ir COORDINATE

@ = COORDINATE

@ & COORDINATE

@ *YAW

' YAW RATE

" @ ROLL

| @ ROLL RATE

@ MTCH

- @ PITCH RATE

£g - AXIS INTERCEPT
LATITUDE

i. - AXIS INTERCEPT
LONGITUDE

@ROTATION OF BODY Yg-AXIS
FROM HORTH

.HEIGHT ABOVE EARTH
{SUBSATELLITE POINT)

SUBSATELLITE LATITUDE

SUBSATELLITE LONGITUDE

RANGE FROM SPACECRAFY 1O
Zp - AXIS INTERCEPT

€055 POLARIZATIO
ANGLE :

] @ © (Theta)

@ Q iPhi

NF ' NF NE
l® x-COORDINATI @ y-COORDINATE @ =-COORDINATE

" x-cooroinati |@FF y-COORDINATE @, coorpinate
@yaw uneeeramry [ rott uncerramry ®ren uuczmmun-r
@ .a(.(MPhﬂ) ® ATTITUDE SENSOR 1.D.

Zn ’@ adt

@13 @y,

222 @ %23

@ @3 ® Z32

33 ® PROGRAM STATUS
c:xus,aAnou LD. @ MISALIGNMENT 1.D.
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OUTPUT PARAMETER NO, 1
Name - Day Count of Year

Analytic Definition - This identifies the day on which the processed
telemetry frame was transmitted by the spacecraft, The starting point
for the count 1s 0000 hours of the first day of the calendar year (1

January).
Units - Days

Format - This is a nine-bit binary wory with the most significant bit
(MSB) leading. No sign bit exists,

OUTPUT PABAMETER NO, 2
Name - Milliseconds of Day

Analytic Definition - This identifies the time of day on which the
Processed telemetry frame was transmitted by the spacecraft. The
starting point for this parameter is 0000 hours of the day specified
in Output Parameter No. 1 (Day Count of Year).

Units - Milliseconds (Seconds x 10 +3)

Format - This is a 27-bit binary word with the MSB leading. No sign
bit exists.

OUTPUT PARAMETER NO. 3
Name — X-Coordinate
Analytic Definition - The X~-component of the position vector of the ATS-F

spacecraft expressed in an earth centered inertial (ECI) coordinate
system defined below,

X-axis points to the first point of Aries true-of-date and lies
in the equatorial plane of the earth

Z-axis points along the Polaris spin axis of the earth; the
positive direction is north

Y-axis is chosen to complete a right-handed orthogonal set
Units - Tenths of kilometers (kilometers x 10+1)

Format - This is a 20-bit binary word. The first bit is used for the
sign and the following nineteen bits for magnitude with the MSB leading.
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OUTPUT PARAMETER NO. &
Name - i-Coordinate

Analytic Definition - The X-component uf the velocity vector of the
ATS-F spacecraft expressed in the ECI coordinate system described in
the Analytic Definition of Output Parameter No. 3

Units - Meters per second

Format - This is a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 5
Name - Y-Coordinate
Analytic Definition ~ The Y-component of the position vector of the

ATS~F spacecraft expressed in the ECI coordinate system described in
the Analytic Definition of Output Parameter No. 3

Units ~ Tenths of kilometers (kilometers x 10+1)

Format - This is a 20-bit binary word. The first bit is used for the
sign and the following 19 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 6
Name - %—Coordinate
Analytic Definition - The Y-component of the velocity vector of the

ATS-F spacecraft expressed in the ECI coordinate system defined in
the Analytic Definition of Output Parameter No. '3

Units - Meters per second

Format - This is a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 7
Name = Z-Coordinate

Analytic Definition - The Z~component of the position vector of the
ATS-F spacecraft expressed in the ECI coordinate system described in
the Analytic Definition of Qutput Parameter No. 3

Units - Tenths of kilometers (kilometers x 10+1)

Format ~ This is a 20-bit binary word. The first bit is used for the
sign and the following 19 bits for magnitude with the MSB leading.
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OUTPUT PARAMETER NO. 8
Name - i—Coordinate
Analytic Definition - The Z-component of tﬁe.velocity vector of the

ATS-F spacecraft expressed in the ECI coordinate system defined in
the Analytic Definition of Output Parameter No. 3

Units = Meters per second

Format - This is a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with MSB leading.

OUTPUT PARAMETER NO. 9
Name - Yaw
Analytic Definition - The first of three rotations about ATS-F body

axes that are used to define ATS-F attitude relative to the Local
Vertical (LV) coordinate system defined below.

Zc points along the local vertical toward the center of mass of
ghe earth
iC polnts east parallel to the earth's equatorial plane
Yc is.chosen to complete a right-handed orthogonal set (nominally
_points south)
The Euler rotations, in the sequence of their applicgtion, are as follows:
Yaw - rotation about the spacecraft body Z-axis (23)
Roll - rotation about the spacecraft body X-axis (XB)
Pitch - rotation about the spacecraft body Y-axis (Yp)

Units - Thousandths of a degree (degrees x 10+3). Yaw 1s always taken
to be positive ranging from 0 to 360 degrees.

Format - This is a 20-bit binary word with MSB leading, No sign bit
exists,
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OUTPUT PARAMETER NO. 10
Name - Yaw Rate

Analytic Definition - The time rate of change of the yaw Euler angle
defined in the Analytic Definition of Output Parameter No. 9

Units ~ Thousandths of a degree per minute (degrees per minute x 10+3)

Pormat - This is a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with MSB leading. '

OUTPUT PARAMETER NO. 11

Name - Rol..

Analytic Definition — The second rotation in the Euler sequence used to
define ATS-F attitude. This rotation is about the spacecraft body

X-axis (Xp). The attitude is relative to the LV coordinate system
defined in the Analytic Definition of Output Parameter No. 9

Units - Thousandths of a degree (degrees x 10+3)

Format - This is a 20-bit binary word. The first bit is used for the
sign and the following 19 bits for magnitude with MSB leading.

OUTPUT PARAMETER NO. 12

‘Name - Roll Rate

Analytic Definition - The time rate of change of the roll Euler angle
defined in the Analytic Definition of Output Parameter No. 11

Units - Thousandths of a degree per minute (degrees per minute x 10+3).

Format - This 1s a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 13
Name - Pitch

Analytic Description - The third rotation in the Euler sequence used to

define ATS-F attitude. This rotation is about the spacecraft body Y-axis.

The attitude is relative to the LV coordinate system defined in the
Analytic Definition of Qutput Parameter No. 9

Units - Thousandths of a degree (degrees x 10+3).
Fotmat - This is a 20-bit binary word. The first bit is used for the
sign and the following 19 bits for magnitude with the MSB leading.
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OUTPUT PARAMETER NO. 14
Name - Pitch Rate

Analytic Definition ~ The time rate of change of the pitch Euler angle
defined in the Analytic Definition of Qutput Parameter No. 13

Units - Thousandths of a degree per minute (degrees per minute x 10+3).

Format - This is a 16-bit binary word. The first bit is used for the
sign and the following 15 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 15
Name - Zg-Axis Intercept Latitude
Analytic Definition - The latitude of the intercept point of

@ line coincident with the spacecraft body Z-axis (ZB) and the surface
of the earth. An ellipsoidal model of the earth is used.

Units - Hundredths of a degree (degrees x 10+2).

Format - This is an 18-bit binary word. The first bit is used for the
sign and the following 17 bits for magnitude with MSB leading.

OUTPUT PARAMETER NO. 16
Name - Zp-Axis Intercept Longitude
Analytic Description — The longitude of the intercept point of a line

coincident with the spacecraft body Z-axis (Z.) and the surface of the
earth. An ellipsoidal model of the earth is used.

Units - Hundredths of a degree (degrees x 10%2), Longitude is always
positive measured East from Greenwich and lies in the range 0 to 360
degrees.

Format - This is an 18-bit binary word with the MSB leading. No sign
bit exists.

' OUTPUT PARAMETER NO. 17

Name - Rotation of YB-Axis from North

Analytic Definition - The angle between the following planes.

Plane 1: Plane formed by the spacecraft Z-axis (ZB)_and the local

north vector (i.e,, - Yo, see Analytic Definition of

Output Parsmeter No. 9).
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Plane 2: Plane formed by the spacecraft Z-axis (ZB) and‘Y-axis (YB).
Units - Hundredths of a degree {degrees x 10"‘2).

Format ~ This is an 18-bit binary word with MSB leading. No sign bit
“18:’- ’

OUTPUT PARAMETER NO. 18
Name — Height Above Subsatellite Point
Analytic Definition - The height of the ATS~F spacecraft above the surface

of the earth measured along the line between the spacecraft and the center
of mass of the earth., An ellipsoidal moiel of the earth is used.

Units - Kilometers

Format - This is an iB-b:Lt binary word. No sign bit exists.

OUTPUT PARAMETER NO. 19

Name — Subsatellite Latitude

Lnalytic Definition - The geodetic latitude ow;‘. the intercept point on the

surface of the earth of a line between the spacecraft and the center of
mass of the earth., An ellipsoidal model of the earth is used,

Units - Hundredths of a degree (degrees x 10+2) .

Format - This is an 18-bit binary word. The first bit is used for the
sign and the following 17 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 20

Name — Subsatellite Longitude

Analytic Definition - The longitude of the intercept point on the surface
of the earth of a line between the spacecraft and ‘the center of mass of -

the earth. An ellipsoidal model of the earth is used.

Units - Huudredths of a degree (degrees x 10+2). Longitude 1s always
positive measured east from Greenwich and lies between 0 and 360 degrees.

Format - This is an 18-bit binary word with the MSB leading. No sign bit
exists. . a e
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OUTPUT PARAMETER NO. 21
Name - Range from Spacecraft to Zp-Axis Tntercept

Analytic Description - The distance between the spacecraft and the
point -defined by the intersection of the Z-axis (ZB) with the earth's
surface given in the Analytic Descriptions of Qutput Parameters Nos.
15 and 16,

Units - Tenths of a kilometer (kilometers x 10+1).

- Pormat - This is a 20-bit binary word with MSB leading. No sign bit
exists,

OUTPUT PAR/METER NO. 22
Name - Cross-Polarization Angle
Analytic Description - The angle between the ATS-F receiver and a

vertically polarized antenna located at the Z-axis (Zg) intercept
point. It is the acute angle between the following two planes:

Plane 1: Defined by (a) center of mass of the earth and (b)
the spacecraft body Z-axis (2Zy)

Plane 2: Defined by (a) the location of an antenna element in
the spacecraft body X-Y plane (xt-YB), and (b) the
spacecraft body Z-axis (Zg).

Units - Hundredths of a degree (degrees x 10+2), in the range 0 to
360 degrees.

Pormat - This is a 16-bit binary word with the MSB leading. No sign
bit exists. '

OUTPUT PARAMETER NO. 23

Name - Antenna Pattern Angle 8

Analytic Description - The angle between the spacecraft Z-axis (Zg) ani
the vector to a preselected ground station.

The ground station coordinates will be user specified and available upon
request.

Units - Hundredths of a degree (degrees x 10+2).

Yormat - This is an 18-bit binary word with the MSB leading. No sign
bit exists,
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OUTPUT PARAMETER NO. 24

Name — Antenna Pattern Angle ¢

Analytic Description - The angle between the following two planes.
Plane i: Plane defined by the spacecraft body X and Z axes (x]3 . ZB)
Plane 2: Plane defined by the vector to a preselected ground
| station and the spacecraft body Z-axis (ZB)

The ground station coordinates will be user specified and available
upon request. '

Format -~ This is an 18-bit binary word with the MSB leading. No sign bit
exists,

OUTPUT PARAMETER NO. 25

Name — NFX

Analytic Description - The X-component (ENF direction) of the unit vector
to the sun expressed in the Quartz experiment's coordinate system for the
sensor assembly on the north face of the Earth Viewing Module (EVM).
Units — Thousandths of a unit (unit x 10"'3).

Format - This is a 12-bit binary word. The first bit is used for the
8ign and the following 11 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 26

Name - NFY

Analytic Description - The Y~component (JNF direction) of the unit vector
to the sun expressed in the Quartz experiment’s coordinate system for the
sensor assembly on the north face of the EVM,

Units — Thousandths of a unit (unit x 10+3).

Format - This is a 12-bit binary word. The first bit is used for the sign
and the following 11 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 27
Name — HFZ
Analytic Description - The Z-component (ENF directibn) of the unit vector

to the sun expressed in the Quartz experiment’s coordinate system for the
sensor assembly on the north face of the EVM.

Units -~ Thousandths of a unit (unit x 10+3).

-25-
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Yormat - This i{s a 12-bit binary word. The firat bit is used for the
sign and the following 1l bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 28 fTW

Name - EFX
Apalytic Description -The X-componeat (i direction) of the unit
EF
vector to the sun expressed in the ATF Experiment's coordinate system

for the sensor assembly on the east face of the EVM,

Units - Thousandths of a unit (unit x 10%3),

Format - This is a 12-bit binary word, The first bit is used for
the sign and the following 11 bits for magnitude with the MSB
leading.

OUTPUT PARAMETER NO. 29

Hame - EFY

Analytic Description - The Y~component (j_ direction) of the unit vector

to the sun expressed in the ATF Experimenigs coordinate system for the

sensor assembly on the east face of the EVM.

Units - Thousandths of a unit (unit x 10%3). T

Format - This is a 12-bit binary word. The first bit is used for the
sign and the following 11 bits for magnitude with the MSB leading.

OUTPUT PARAMETER NO. 30

Name ~ EFZ

Analytic Description ~ The Z-component (k. direction) of the unit vector
' EF

to the sun expressed in the ATF Experiment's coordinate system for the
sensor assembly on the east face of the EVM.

‘Units - Thousandths of a unit (unit x 10+3).

Format - This is a 12-bit binary word. The first bit is used for the
sign and the following bits for magnitude with the MSB leading.
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'‘OUTPUT PARAMETER NO, 31
Name - Yaw Uncertainty

Analytic Description - The statistical uncertainty in the estimate of
the yaw angle. It is the square root of the diagonal element of the
state covariance matrix:corresponding to the yaw state.

otdy,

Units - Thousandths of a degree (degrees x 1

Format - This is a 12-bit binary word with the MSB leading. No sign
bit exists,

OUTPUT PARAMETER NO. 32
Name - Roll Uncertainty

Analytic Description - The statistical uncertainty in the estimate of
the rell angle. It is the square root of the diagonal element of the
state covariance matrix corresponding to the roll state.

Units - Thousandths of a degree (degrees x 10+3),

Format - This is a 12-bit binary word with the MSB leading. No sign
bit exists.

OUTPUT PARAMETER NO. 33
Rame ~ Pitch Uncertainty
Analytic Description - The statistical uncertainty in the estimate of

the pitch angle. It is the square root of the diagonal element of the
state covariance matrix corresponding to the pitch state.

Units - Thousandths of a degree (degrees x 10+3).

Format - This is a 12-bit binary word with the MSB leading. No sign
bit exists.

OUTPUT PARAMETER NO. 34
Name - Offset Pointing Angle, o

Analytic Nescription - The angle between the line of sight to the
subsatellite point (output parameters 19 and 20) and the spacecraft

Units - Hundredths of a degree (degrees x 10+2).

Format -~ This is a l4-bit binary word with the MSB leading. No sign
bit exists.

27




OUTPUT PARAMETER NO. 35
Rame - Attitude Sensor ID

Analytic Description -~ This identifies the attitude sensors whose date
is being utilized in the attitude estimation process.

Units - None (binary flags)

Format - This is a string of 22 bits. Each bit corresponds to a specific
sensor on ATS-F and indicates whether that sensor's output is used in the
attitude estimation process. The state "1" indicates it is used. The bits
Tefer to the following sensors in the indicated order.

Bit Eo. Sensor
1 Earth Sensor
2 Polaris Sensor No. 1
3 Polaris Sensor No. 2
§ Digital Sun Sensor No. 1
S5 Digital Sun Sensor No. 2
6 Digital Sun Sensor No. 3
7 Digital Sun Sensor No. 4
8 Digital Sun Sensor No., 5
9 Interferometer No. 1
10 Interferometer No. 2 T}
11 Monopulse VHF
12 Monopulse S-Band
13 Monopulse C~Band
14 Coarse Sun Sensor No., 1
15 Coarse Sun Sensor No. 2
16 Coarse Sun Sensor No. 3
17 Coarse Sun Sensor No. 4
18 Fine Sun Sensor No. 1
19 Fine Sun Sensor BNo. 2
20 Rate Gyro Assembly No. 1
21 Rate Gyro Assembly No, 2
22 Spare
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OUTPUT PARAMETERS NOS. 36 THROUGH 44
Name — Elements of the Attitude Transformation Matrix (aij)

Analytic Description - Elements of the transformation matrix from the
local vertical (L-V) coordinate frame to the spacecraft body coordinate
frame. The matrix is of the form:

811 82 43
(Al = | 8y 23, ay,

831 33 23

The matrix transforms a vector in the local vertical coordinate frame
) to 2 vector in the spacecraft body frame (V ) according to the
Elowing relationship:

n = [A] vL-v

Units - Hundred thousandths of a unit (unit x 10+5)

Format - Each element is an 18~bit binary word. The first bit is used

for the sign and the following 17 bits for magnitude with the MSB leading.

OQutput Parameter No. a4
36 ai
37 2],
38 3
39 ay;
40 %22
4] a,,
42 L
LX) a3,
44 834
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OUTPUT PARAMETER NO. 45
Name - Program Status

Analytic Description -~ Code words for internal use by attitude generation
personnel to identify program modifications

Units - None. Code words.

Format - To be determined.

OUTPUT PARAMETER NO. 46

Name - Calibration Identifier

Analytic Description - Code words for internal use by attitude generation

persomnnel to identify telemetry calibration curves used in generating
attitude

Units.-- None. Code words.

Format - To be determined

OUTPUT PARAMETER NO. 47

Name — Misalignment Identifier

Analytic Description - Code words for internal use by attitude generation

personnel to identify attitude senmsor misalignment sets used in generating
attitudes '

Units - None. Code words.

Format - To Be determined
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APPENDIX B.

DETAILED DATA TAPE FORMAT

Each day is one file of many 288 CDC 60-bit records.

Record 1:

Word-
1I- 18

19
20
21
22-288

Type
Bits

Hollerith

1"

The original title record (132 8-bit characters)
plus 24 '"0'" bits. '

Date of data

Date Processed by Aerospace Corporation

Tape Number Assigned by Aérospace Corporation
Fill, "0's,

Records 2 - Number of Frames, N, +1.

T Word

W =~ &N b W N

9- 72
73-136
137-200
201-216
217-232
233-248
249-264

Type

Integer

Real

Description

.Day of Year
Year From Title Record

UT, seconds, of ephemeris, or -1,

Radius, ER,. or -1.

Latitude, Deg., or -1,

Longitude, Deg., or -1,

L.ocal Time, Hrs., or -1,

0.

UT, seconds, or -1,

(E1, E2, E3, E4)x 16, or -1,

(P1, P2, P3, P4, P5, Pb, P7, P8)x 8, or -1.
Bx' ‘ '

» From Frames 4, 64, 4, or -1.

B

B
Z

B
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Word

265-268
269-288

Des criEtion

Temperatures
Fill, ©

Records N+ 2 te N + 20, all words real.

Record

N+
N+
N+
N+
N+
N+

Words

1-288

1- 24
25- 48
49- 72
73- 96
97-120

121-144
145-168
169-192
193-216
217-240
241-264
265-288

Description

Fill, 0
El, 288 5 minute averages, or =l.
EZ, "

E3, 1"

E4, "

P1, "

P2, 2

P3, L

P4, "

Ps, n

Pé, "

P7, "

P8, "

B "

B
B
B, "

El, 24 1 hour averages, or -1,
E2, ‘ "

E3, "

E4, n

Pl, "

P2, "

P3, "

P4, "

P5, : "

P6, "

P7, "

P8, "

N o M
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Record

N+20

Words

1- 24
25- 48
49- 72
73~ 95
96-288

-33.
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APPENDIX C,

MASTER DATA TAPE FORMAT

Each day is a 496 CDC 60-bit word record.

Word

1
2
3
4
5
6
7
8

9

10- 16
17- 40
41- 64
65- 88
89-112
113-136
137-~160
161-184
185-208
209-232
233-256
257-280
281-304
305-328
329-352
353-376
377-400
401-496

Type

Hollerith

1"

Integer

Description

Tape Number Assigned by Aerospace Corporation
Date Processed by Aerospace Corporation

Day of Year
Month

Day of Month
Year

Radius, ER, or -1.

From Title Record

Latitude, Deg., or -1.
Longitude, Deg., or -1.
Fill, -1.
El, Hourly averages, or -1.
Ez 1] '
E3 2]
E4 1

Pl "
PZ 3]
P3 H
P4 "

PS "
P6 1
P? 1
P8 n

B t

X

B rt

y

B 3]

z

B

Fill, -1.
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MODULATION OF TRAPPED ENERGETIC ELECTRUNS AT
6.6 R_ BY THE DIRECTION OF THE
INTERPLANETARY MAGNETIC FIELD

G. A. Paulikas and J. B. Blake
Space Sciences Laboratory

The Aerospace Corpoxation
El Segundo, Californie

Abstract. Energetic (E > 1.6 MeV, » 3.9 MeV)
trapped electron fluxes observed at the
synchronous altitude during 1974 and 1975 by an
experiment aboard ATS-6 exhibit a modulation in
intensity which is correlated with the passage of
sector structure boundaries of the interplanetary
pmagnetic field past the earth. The electron
fluxes reach equilibrium intensities during the
time the magnetosphere is in a given IMF sector
which are highest in the fall for (+) sectors and
highest in the spring for (-) sectors.

Introduction

We have observed a periodicity in the
jnetospheric energetic electron fluxes (E > 1
/) at 6.6 Ry associated with the passage of
stor boundaries (Wilcox, 1968) of the
terplanetary magnetic field. The changes in
» electron flux, associated with each boundary
sage, are the major intensity excursions of
> electron fluxes during conditions of low
lar activity, Furthermore, maximum intensity
iched by the energetic electrons in the
tervals between sector boundary passage is
sendent upen the direction of the
terplanetary magnetic field.
Changes in the intensity of trapped energetic
sctrons which could be associated with changes
it the conditions existing in the interplanetary
medium, and thus ultimately with the properties
of magnetic field and plasma structure of the
solar atmosphere, have been reported by Williams
(1966) and Rothwell (1968). The observations
which led these authors to conclude that the
outer zone was markedly responsive to the sector
structure of the interplanetary medium were
obtained in the time interval near solar minimum

in the middle 1960's, In 1968 we used ATS-1 data
on energetic electrons which were obtained
between late 1966 and early 1968 at the
synchronous orbit 1in an attempt to verify the
conclusions of Williams and Rothwell. Although
the experimental situation in a synchronous orbit
is somewhat "cleaner" than observations made
aboard low-altitude spacecraft or high-altitude
spacecraft in elliptical orbits, we failed to
establish that any close correlation existed be-
tween changes in the electron fluxes observed at
5.6 R,, and changes in the direction of the
interplanetary fiald. To be sure, sector
boundary passages did give rise to major
excursions in the flux 1levels of energetic

Copyright 1976 by the American Geophysical Union.

» oW

electrons; however equally large excursions also
occurred when there were no IMF boundaries in the
vicinity of the earth, These conclusions, now
more than five years old, were once again checked
in the course of the present study using the
sector boundary catalog prepared by Svaalgard

(1975).
We were thus surprised to find that
onnidirectional electron fluxes {hourly

averages), as determined from data obtained by
The Aerospace Corporation experiment aboard ATS-6
in 1974 and 1975, exhibit a very pronounced
periodicity which is very clearly associated with
the passage of interplanetary magnetic-field
sector boundaries. AT5-6 was statiomed at 6.6 Ry
and at 94°% during the time period under
consideration; the experiment which yielded the
data presented here is fully described in
Paulikas et al. (1975)}. Figure 1 illustrates the
observations made at ncon local time. Similar
plots have been constructed for other local times
and these plots exhibit identical periodicities.
A liimited set of data from the synchronous
spacecraft ATS-1, located at 150°W, and ATS-5,
located at 105°W, also are available to us for
portions of the time period under discussion.
{(ATS-5 data were graciously provided by C. E.
McIlwain). Such comparisons as we have made
indicate that ATS-1, ATS-5 and ATS-6 all observe
the modulation; «clearly the entire outer
magnetosphere is involved. Evidently, strong,
periodic modulation of the outer-zone
trapped-particle intensities by the interaction
between the magnetosphere and the interplanetary
medium is a function of the general level of
solar activity and emerges as the dominant
process affecting the outer zone during
conditions of solar minimmm, During periods of
high solar activity, the periodic modulation is
masked by the more-or-less irregular occurrence
of magnetic storms which destroy the- coherence
that the energetic electron fluxes would
otherwise be expected to develop in response to
interplanetary conditions.

Discussion

The outer-zone energetic electrons observed by
ATS-6 are one of the end products of the inter-
action of the solar wind with the earth's
magnetosphere. The magnetospheric substorm is
the basic process which energizes magmetospheric
plasma and transports these energetic particles
into the stable-trapping region of the
magnetosphere (McPherron et al., 1975). In the

277
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278 Paulikas and Blake: Trapped Energetic Electrons

absence of magnetic storms, the temporal
evolution of the energetic electron population is
a measure of the relative strength of the source
(i.e., substorms) as compared to particle sinks,
Our observations can be considered as
representing an averaged, smoothed output of the
solar  wind-magnetosphere engine, with the
equilibrium level of energetic electron fluxes
indicative of the rate of occurrence of
substorms, and herice the rate of *quiescent”
energy transfer into the magnetosphere (Russell,
1974). In contrast, the changes in the electron
fluxes at the time of boundary passage are
associated with major disruption of the energetic
electron population by magnetic storms,

We interpret our results using the phenomeno-
logical studies of Arnoldy (1974), Burton et al.,
(1975), Burch (1973), and Russell and McPherron
(1573). The thrust of the findings of these
authors, as susmarized in the review of Russell
(1974), is that the energy flow from the solar
wind into magnetosphere mimics in some ways the
behavior of a half-wave rectifier familiar in
electronic applications. The input of energy
into the magnetosphere proceeds only if the

. magnetosphere sees a southward component of the

interplanetary magnetic field; a northward INF
component apparently inhibits the transfer of
energy into the magnetosphere. Thus, to. first
approximation, the dynsmics of the magnetosphere
are a function of the orientation of the
magnetosphere in  solar-equatorial coordinates
{the natural coordinates of the flow of the solar
wind plasma). The geometrical argiuments and
coordinate transformations required to determine
whether the magnetosphere sees a net northward or
net southward component of the interplanetary
magnetic field are somewhat coaplex and the
reader should refer to the paper of Russell and
McPherron (1973) for a complete and critical dis-
cussion of the probles. For our present
purposes, we can summarize briefly: the
interaction between solar wind and magnetosphere
is expected to be strongest when the
magnetosphers is immersed in & southward pointing
interplanetary field. This occurs during
northern hemisphere spring, when the earth is in
4 (-) sector of the interplanetary field, and in
the fall, when the earth is in a (+) sector of
the interplanetary field.

The data obtained during the fall of 1974 and
presented in Figure 1 are consistent with this
picture. The energetic electron fluxes appear to
build up to higher levels during (+) sectors
(i.e., gensrally southward IMF} than during {-)
sectors. Note also that (-) to (+) sector
transitions cause much deeper depressions in the
slectron flux than (+) to (-) transitionms,
Examination of the behavior of Dg; for this
period shows that a magnetic storm is associated
with each (-) to (+) transition.

A limited set of data obtained in early 1975
(Fig. 2) verifies the expectation that in spring
(-) sectors are more effective generators of
energetic electron fluxes. The IMF sector
structure during the time period covered hy Fig.
2 is broken by days of mixed polarity;
nevertheless, the data of Fig. 2 are, if
anything, an even more striking demenstration
that the level of energetic electron flux at 6.6

e
=
3

COLNTRATES {arbitrary units)

pury
=

1 AUG 1 SEPT 1.0CT
Qo | | |

0 I I N N Y (e UYL
'HSU 00 210 720 230 248 250 260 270 280 290 300

DAY NUMBER, 1974

Figure 1. Hourly averages of energetic
electron countrates observed in the late summer
and fall of 1974 by ATS-6 and ATS-1 are plotted
as a function of Day Number, 1974, Also plotted
{at the top of the figure) are the polarity of
the interplanetary magnetic field as inferred by
Svalgaard (1975), the daily sum of Kp and the
range of Dy for each day. Local time for all
particle data is local noon; the sector boundary
transitions are assumed to occur at 0000 UT for
the days indicated. Circles and triangles are
ATS-6 observations of > 3.9 and > 1.6 MeV
electrons respectively, squares are ATS-1
observations of >1.9 MeV electrons. For emphasis
we have shaded those portions of ghe curves where
E>1.6 MeV countrates exceed 10°/sec and E> 3.9
MeV countrates exceed 10/sec.

Re is a strong function of the direction of the
interplanetary field,
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€ wl =
E. - -
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DAY NUMBER, 1375

Figure 2. Hourly averages of energetic
electron countrates observed in the spring of
1975 by ATS-6 and ATS-1. All other comments from
the caption of Fig. 1 apply. The IMF sector
structure during this period exhibited some days
of mixed polarity, these days are indicated by
cross-hatching.

At this stage of the data analysis we cannhot
unequivocally separate temporal changes in the
electron flux from changes in the geometry of the
trapping region. The work of Owens and Frank
(1968) very clearly shows that the region around
the earth containing energetic particles expands
and contracts. ATS-6 observations, by
themselves, cannot provide information regarding
the extent of the trapping region. If we focus
our attention on the properties of the region
near ATS-6 we find, wusing data from the UCLA
magnetometer on ATS-6 (graciously made available
by R. L. McPherron), that during the time periods
of Figs. 1 and 2 there do not appear to be any
significant changes in the local field geometry
at ATS-6 which are a function of the gross
direction of the interplanetary field inferred by
Svalgasrd (1975},

It must be recalled that, because of drift
shells splitting, & measurement of the
omnidirectional .flux by our experiment at one
local time at the synchrenous orbit represents
the sum of the flux which exists over a range of
L values at other local times. Our data have
glecbal rather than local properties. in
addition, it is well known that large drift loss
cones can develop in the angular distribution at
synchronous altitude because of the proximity of
the synchromous orbit to the trapping boundary.
Such changes in the angular distribution would be
interpreted by our experiment as flux changes.
There are suggestions in the data, for example,
in comparisons of relative flux changes at ATS-1,
ATS-5 and ATS-6 as a function of IMF direction,
that there may indeed be changes in the average
pitch-angle distribution of energetic electrons
{and therefore changes in the geometry of the
trapping region)} which are a function of the
interplanetary field direction.

Correlations between the state of the
magnetosphere and  interplanetary conditions
appear to be most successful when the
magnetospheric parameters used in such studies
represent some global characteristic of the
magnetosphere. The auroral electrojet index A,
(Arnoldy, 1971), properties of polar magnetic
fields (Burch, 1973), the size of the polar cap
(Akasofu, 1975) and the D index (Burton, et
al., 1975) are examples of such global
quantities, We can now add the energetic
electron fluxes at the synchronous orbit to the
list of indicators of the coupling strength
between the interplanetary medium and the
magnetosphere,

The changes in the energetic electron flux at
6.6 R, should be reflected in corresponding
changes in the intensity of the energetic
electrons precipitating into the atmosphere.
Hence, one might expect to see aeronomic effects
in and below the D-region at high latitudes (the
depth in the atmosphere reached by precipating
relativistic electrons is » S0 km,) The magnitude
of such aeronomic effects should be a function of
the direction of the interplanetary magnetic
field.
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Abstract

A description of the energetic (140 kev to ? 3.9 Mev) electron environment
observed at the synchronous altitude during the 1974-1977 time interval is presented.
These results were obtained by an experiment carried on the geostationary ATS-§
spacecraft. Observations were made at several longitudes. Electron flyxes exhibit a
complex temporal behavior ranging in time scale from a diurnal variation to a semij-

annual variation. Average fluxes are computed and compared with earlier studies and
models.
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Energetic Electrons at the Synchronous Altitude 1974-1977

L Introduction

The synchronous orbit, because of its obvious utility for terrestrial applications,
is undoubtedly the single most heawvily populated orbit in space. Many spacecraft,
spread over longitude, are in this orbit today, and the plans of various nations (Ref. 1,
Ref. Z) emphasize an even heavier utilization of it for future communications, earth
observations, meteorclogy, and data relay spacecraft. It is clear that the investment

in such space systems is likely to run into the billions of dollars.

The premium on a precise, quantitative understanding of the space environment
and the impact of the environment on space systems is enormous. Even savings of
fractions of a percent, derived as a result of better information regarding the
energetic radiation (for example, extending the life of a spacecraft and thus
decreasing the replenishment rate) transiate directly into savings which run into the
tens of millions of dollars.

The purpose of this report is to summarize, in a format useful to the designers
and operators of synchronous orbiting of space systems, the observations of energetic
electrons at the synchronous altitude made by The Aerospace Corporation particle
spectrometer flown on the ATS-6 spacecraft. Preliminary results have been reported
in a series of internal reports (Refs. 3-8}, In this report we shall concentrate on
defining the average properties of the electron population as it existed in the 1974-
1977 time interval at the synchronous orbit. Thus this report can be viewed as a sequel
to earlier work (Refs. 9-12) which treated the properties of the particle population at
the synchronous orbit during earlier epochs. It seems useful to begin by describing
some of the salient features of the ATS-6 ohserving program which we conducted and
to point out how the present data and results may be similar to, or differ from, earlier
work because of differences in epoch, instrumentation, spacecraft orientation and the

location of the spacecraft in longitude.

The observations described here were made between mid-1974 and early 1977,
This time interva! straddled to solar minimum (as defined by sunspot number) (Fig. 1}

In contrast, earlier observation of energetic radiation at the synchronous orbit made by

=73




instruments aboard ATS-1 and ATS-5 were made during times near the Peak of solar
activity: late 1966 to early 1968 in the case of ATS-1 and mid 1969 to early 1972 in
the case of ATS-5. As is well known, the magnetosphere is relatively more quiescent
during periods of low solar activity as contrasted to the time period near solar
maximum. As we shall see below, periodic manifestations of solar-wind
magnetosphere interactions emerge prominently in the ATS-§ data; in contrast,
impulsive solar events which occur at frequent intervals during solar maximum and
tend to mask the more regular features of magnetospheric dynamics are infrequently
observed in the present data set. The ATS-6 data is thus unique because it represents
the first observations of the particle populations of the synchronous orbit made during
the interval near solar minimum.

The instrumentation used to obtain our data has been described elsewhere (Ref.
13); a brief summary of the relevant features is given in Appendix A. Briefly, we
measured the directional fluxes of electrons in the 140-600 kev interval and the
omnidirectional fluxes above thresholds of 700 kev, 1.55 Mev and 3.9 Mev. Energetic
proton data were alsc obtained (during solar proton events; these data are not
discussed here).

The ATS-6 was earth oriented so that the axes of the detectors were pointed
radially outward along the earth-satellite line. Thus the (directional} 140-600 kev
channel (E1) measured only one segment of the angular distribution, the precise
segment depending on the (rather variable) orientation of the local magnetic field with
respect to the detector axis. The omnidirectional fluxes (E2, E3, E4) obtained from
the ATS-6 data were obtained from countrates registered by particles which could
reach the detectors through a 24 steradian acceptance angle looking out along the
earth-satellite line. In contrast, on ATS-1, for example, the rapid spin of the
spacecraft coupled with a relatively slow count accumulation time served to form a
true average of the in situ radiation.

During the period covered by our data, the ATS-4 spacecraft was moved several

times to different longitudes. Because the geographic equator does not coineide .

everywhere with the geomagnetic equator, a spacecraft at the synchronous orbit may
be at significantly different magnetic latitudes, depending on the longitude at which
the spacecraft is stationed. ATS-6 observations began while the spacecraft was on the
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equator at 94°W, where the magnetic latitude is about 1n° Subsequently the
spacecraft was moved to 35°E and finally to 140°W. At both of these locations the

magnetic equator is nearly coincident with the geographic equator.

The displacment of the spacecraft as little as 11° off the magnetic equator has
a significant effect on the observations. We find that the geomagnetic field may quite
often, particularly near local midnight, assume a configuration with a strong radial
component, i.e. the magnetic field at 6.6 Re appears, at these times, to assume a con-
figuration expected to be found near the magnetotail. Such tail-like configurations are
characterized by the absence of very energetic electrons. The fluxes observed at
94°W, i.e. somewhat off the magnetic equator, exhibit a significantly more dynamic
behavior on the timescale of a day than seen at the magnetic equator where the
geomagnetic field exhibits a more regular behavior, however, the long-term average
fluxes do not reflect a very significant longitudinal difference. Spacecraft longitude
is taken as a parameter in the data analysis, although, as we shall see below, temporal
variations in the average particle fluxes are considerably larger than effects due to

change in longitude.

For the purposes of this report, we have formed bourly averages, centered on
the half hour, of all the electron data presently available to us. These hourly averages
are the basic material from which further analysis proceeds. Daily averages, running

27 day averages, probability distributions are all formed from hourly averages.

1. Overview of the Observations

Figures 2 through 5 give an gverview of the observations of energetic electrons
from mid 1974 through early 1977. Plotted here are daily averages of the electron
fiuxes, together with data on the sector structure of the interplanetary magnetic field
as a function of time. The location in longitude of ATS-6 and the periods of spacecraft

movement are indicated on the figures and separately summarized in Table L

The dynamic nature of the energetic electron fluxes, particularly at the higher
energies, is immediately apparent. The dominant periodiéity {in addition to the diurnal

variations (see Refs. 11 and 15) which is not visible on a plot of daily averages) is the
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TABLE I

ATS-6 Geographic and Geomagnetic Locations

Time Interval Geographic Magnetic Latitude”
Longitude

Day 165, 1974-140, 1975 94°W 11°

Day 140, 1975-180, 1975 In transit

Day 180, 1975-214, 1976 35°E 5°

Day 214, 1976-330, 1976 In transit

Day 330, 1976-present 140°w ¢°

*
Derived from UCLA ATS-6 Magnetometer Data

{Courtesy R. L. McPherron)
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strong modulation of the energetic electron fluxes on a timescale corresponding te the
solar rotation period as well on a timescale consistent with either a two- or four-

sector structure of the interplanetary field. (The effects of the interplanetary sector
structure on the energetic particle population has been discussed previously in Ref.
11.).

It will be immediately appreciated by the reader that long term averages of
these data, used for the purposes of accurate estimates of the radiation environment,
must be approached with caution becasue of the large varjation in the fluxes occurring

on several timescales.

If we now form 27-day running averages of the data presented above, we obtain
Figure 6 through 9. In these figures we again see the strong effects of solar rotation-
to-rotation variability of the electron fluxes. This effect is particularly noticeable in
the data for the more energetic electrons and stands out particularly well in late 1976
- early 1977. Also visible is a semi-annual variation in the energetic electron fluxes,
with a maxima found near the equinoxes and minima near the solstices. To be sure,
the moves of the spacecraft complicate the determination of the amplitude of this
variation but it appears that the semi-annual variation is comparable to, if not greater
than, the longitudinal effect. The semi-annual variation in the electron flux is
presumably but a reflection of the well known semi-annual variation in geomagnetic
activity (Ref. 17).

HOL  Average Fluxes and P(F) F ) Distributions

Using the data base discussed above, we have computed the probability distri-
butions P(F) and P(F> F « in 2 manner analogous to that first described by in Ref. 18.
P{F> F,J is the probability of observing a flux greater than Fx for some particular
energy threshold, while P(F) is the differential probability distribution. These curves
have been computed for the several time intervals of interest and are presented as
Figs. 10 through 15, Also computed, and indicated on the figures are u, the mean of
log, ,F, I, the logyg of the mean flux and s, the standard deviation about u. Note,
from the P(F) curves that the distribution is not necessarily gaussian in long, in
contrast to assumptions made in analyses of earlier data sets.
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Table II summarizes the data presented in Figs. 10-15, while Fig. 16 presents

spectra of the average flux for the various longitudes and time intervals covered by

our data, together with the spectrum predicted by the AE-4 model (Ref, 9, 10). The

points noted below can serve as a summary of our findings.

1.

2.

At energies greater than about 1.5 Mev, the ATS-6 data indicate the
presence of a somewhat harder electron spectrum than the AE-¢ model
would predict. At energies below = 1.5 Mev, our data indicate, in
general, fewer electrons than AE-4. These conclusions are, however,
tempered by the fact that the electron fluxes are highly variable and one
can find significant time intervals (for example the late 1966 - early
1967 interval illustrated in Figs. 14 and 15) where the spectral shape at
the higher energies approached that which one might expect from AE-4.

Longitudinal effects {caused by differences in magnetic latitude) in the
mean flux are relatively minor. This conclusion must be tempered by the
fact that no systematic analysis of simultaneous observations made at
several longitudes has yet been carried out. There is some limited
evidence (based on ATS-1/ATS-6 comparisons, Refs, 3, 12) that
longitudinal flux differences (150°W/94°w) may be as large as a factor of

two.

Although the mean filuxes observed may not be similar, the probability
distributions P(F) F ) differ show systematic differences because there
are far more flux dropouts off the equator. The differences are

significant only near the P(F)Fx)a-.l axis.

V. Diyrnal Variations

It is of interest to compare the diurnal variations observed at the several

longitudes and at the several particle energies. The mean flux for the three available

longitudes is presented in Fig. 17, 18, 19 as a function of local time. As had been

found previously (Ref. 11), the diurnal variation is larger at the higher electron

energies. There does not seem to be any significant systematic change of the diurnal

variation with longitude.
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V. Effects of the Interplanetary Medium on Energetic Electrons

We had earlier discovered (Ref. 14} that the flux level of the energetic
electrons at the synchronous orbit - and therefore presumably the flux of energetic
electrons in the entire cuter magnetosphere - was modulated by the passage of the
sector boundaries of the interplanetary magnetic field (IMF) past the earth. Briefly,
we found that the flux levels were higher during northern hemisphere fall when the
earth was immersed in a positive sector than during the passage of a negative sector of
the interplanetary magnetic field. Conversely, in the spring, negative sectors served
to generate higher energetic electron fiuxes. This finding was found to be in
agreement with the picture of solar wind-magnetosphere interaction proposed by
Russell and McPherron (Ref. 17).

The findings described above were based on a very limited set of data. In the
past year we have attempted to confirm and extend our conclusions using the more
than 2% years of data presently available. The relevant points can be seen by
examining Figures 2-5, where we have plotted the daily averages of the energetic
electron fluxes, together with the sector structure of the interplanetary field {see the
caption of Figure 2 for explanation of IMF data presentation). It can be seen from
these figures that the sector structure of the interplanetary field provides the
dominant modulation of electron fluxes. Our conclusion that higher fluxes result in the
fall from + sectors than from - sectors {and that the converse holds true in the spring}
can be verified by inspection of these figures. We are now in the process of trying to
assess more quantitatively the relationship between the vector of the interplanetary
field and the velocity of the solar wind and the generation of energetic particles in the
magnetosphere,

This study, if successful, may lead to techniques for the quantitative prediction
of the energetic electron fluxes at the synchronous altitude, using as input solar wind
and IMF data, It appears that using data on the local (i.e. near earth) solar wind,
radiation fluxes could be predicted several days in advance because of an apparent
time lag between changes in interplanetary conditions and the generation by
magnetospheric processes of energetic electron fluxes. Should our knowledge of solar
physics, i.e. our understanding of the structure and properties of coronal holes and the
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solar wind advance sufficiently, then solar data, coupled with an appropriate
understanding of interplanetary transport processes, might enable radiation predictions

to be made of the order of a week ahead of time.

We mention this potential benefit, because it is clear that in the future,
applications spacecraft of many varieties are likely to proliferate in the synchronous
orbit (see Refs. 1 and 2, for example), and modest advances in radiation. prediction -
particularly for manned spaceflight applications, may yield extremely beneficial
results.

VI Future Work

We plan to update and revise this report as additional ATS-6 data are reduced
and analyzed. At the time of writing (August 1977) the experiment continues to
function well. With luck (and NASA's continuad interest) ATS-6 will cover the riging
portion of the solar activity cycle and Provide unique data in this respect.

In addition, we plan to analyze ATS-1 data, which were acquired simultanecusly
with ATS-6 during portions of 1974, 1975 and 1976. The comparison between data
from spacecraft fixed in longitude {ATS~{) and the ATS-6 which sampled a range of
longitude should provide definitive information of the variation of the properties of the
electron radiation with longitude at the synchronous orbit.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure Captions

Relationship between the intervals of data acquisition on energetic
electrons at synchronous altitudes by experiments on board ATS
spacecraft and the 1l-year solar activity cycle as defined by the Zurich

sunspot number

Daily average fluxes for 1974 for the four channels of ATS-6 electron
data. The trace at the bottom of each panel gives the sector structure
of the interplanetary magnetic field as determined by Svalgaard (Ref.
16). Positive sector days are in&icated by the upper line, negative
sector days by the lower line. Days wher polarity iz mixed are
indicated by a point falling between the two lines.

Same as Figure 1, except for 1975. The data for the ¥ 3.9 Mev channel
are suspect after Day 140, 1975 and have been deleted.

Same as Figure 1, except for 1976. The data for the » 3.9 Mev channel
are suspect between Day 1 and Day 90 and have been deleted.

Same as Figure 1, except for 1977. Isolated days of data are indicated

by unconnected points.

Running 27 day average electron fluxes for the four channels of ATS-6
energetic electron data obtained in 1974. Interplanetary magnetic field
sector structure is indicated on each panel of data (see Fig. Z caption

for explanation).

Same as Figure 7, for 1975. E) 3.9 Mev data after Day 140 is suspect
and have been deleted.

Same as Figure 7, for 1976. E} 3.9 Mev data between Day 1 and Day 90
are suspect and have been deleted.

Same as Figure 7, for 1977.
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Figure 10.

Figure 11,

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Normalized differential probability P(F) of observing a flux F  for the
four ATS-6 electron channels during the interval Day 145, 1974 to Day
140, 1975 when ATS-6 was located at 94°W. This figure was
constructed by sorting the observations into bins 0.1 wide in log10 Fx’
Data for all local times are included. The electron energies are El:
140-600 kev, E27 700 kev, E3% 1.55 Mev and E4 3.9 Mev. The units of
F_ are crn—zsec.1 for all channels except E1 where the units are
<:m_zsec:"1 sr'! instead. The notation "ALL" on the figure indicates
that all polarities of the interplanetary magnetic field are included in
this analysis. The column U gives the mean of the logarithms of the
{hourly average) fluxes during this interval, the column J gives the
logarithm of the mean flux and S is the logarithm of the standard

deviation from U.

The data of Figure 10 are presented as integral probabilities P{F% Fx) of

observing a flux greater than Fx during the Day 165, 1974 to Day 140,
1975 time interval. All other comments apply.

Same as Figure 10, except the time interval is Day 180, 1975 to Day
214, 1976 where ATS-6 was located at 35°E. The E4 curve contains
data from the interval 90, 76 to 214, 76.

The data of Figure 12 are presented as integral probabilities of
observing a flux greater than Fx during the Day 180, 1975 to Day 214,
1976 time interval. All other comments apply.

Same as Figure 10, except the time interval is Day 330, 1976 to Day
120, 1977 where ATS-6 was located at 140°W. The prominent peak in
2 1

E4 near an apparent flux of & 10 cm “sec = is due to the galactic
cosmic ray background (see Appendix A) because the energetic electron

flux was very low during this time period -see Figures 4, 5, and 8, 9.

The data of Figure 14 are presented as integral probabilities of
observing a flux greater than Fx during the Day 330, 1976 to Day 120,
1977 time interval. All other comments apply. Note that for a flux of
l"{ 15 t‘.u:n“z sec !

cosmic rays or their products.

in the E4 channel all "electrons" are really galactic

-13-
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Figure 16.

Figure 17.

Figure 18.

Figure 19.

Electron energy Spectra constructed using the average fluxes for each
time interval indiczied. The fluxes measured in the 140-600 keV
directional channel :2ve been multiplied by dar to obtain a measure of
the omnidirectional {iux in this energy interval. The Ee) 3.9 Mev point
associated with the Day 180, 1975 to Day 214, 1976 curve was obtained
using data from the Day 92, 1976 to Day 210, 1976 interval.

Diurnal variation of the average electron flux observed during the time

interval Day 165, 1574 - Day 140, 1975 when ATS-6 was located at
94°W.

Same as Figure 17, except that the time interval is Day 180, 1975 to
Day 214, 1976 when ATS-6 was located at 35°E. The E4 channel is not
shown.

Same as Figure 17, except that the time interval is Day 330, 1976 to
Day 120, 1977. ATS5-6 was at 140°W at this time.
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Appendix A: A Description of Instrument Response

A full description of the ATS-6 Aerospace Corporation experiment has been
presented in Ref. 13. Here we summarize, for ready reference, those salient features
of the instrument response which may be of interest or assistance in interpretation of
the results presented in earlier portions of this lleport.

Instrument Description

Figure A-1 shows a schematic block diagram of the detector/electronic
system. The electron channels, El, E2, E3, E4 are derived from Sensors 1-¢
respectively. Figure A-2 shows the experiment.

Electron Detection

The responses of the electron channels are illustrated in Figures A-3 and A-4
respectively. These data, integrated over the angular acceptance angles of each
detector give the average detector geometric factor as a function of energy. It has
proven convenient to integrate these energy dependent geometric factors over
various (assumed) shapes of the incident electron spectrum and finding a threshold (or
set of thresholds for the E1 channel) which minimizes the variation of the geometric
factor with spectral shape. The results are presented in Table A-1. The & G factors
given in this table were used to convert from counts to flux above the indicated
thresholds (or, for El, in the indicated energy interval),

Proton Contamination

Proton channels which measure trapped and solar proton fluxes are also
-associated with each detector. In principle, the proton data can be used to correct
for any proton contamination of the electron data. In practice, we found that during
the 1974-1977 interval, solar proton activity was very low and no systematic
correction was required; instead, days of data where some solar proton contamination
{primarily of the E3, E4 channels) was suspected were rejected from the analysis.
The sporadic fluxes of low energy (several Mev) trapped protons which we
occasionally observed did not have any effect on the electron channels. Galactic
cosmic rays and the products generated by their interaction with the spacecraft gave
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rise to a significant background in the E4 channel. This background has a diurnal
signature characteristic of cosmic rays (i.e. a maximum near local midnight and a
winimum near local noon). During time periods when the trapped electron flux was
low, for example the late 1976 - early 1977 time period, this background can be
clearly visible in the E4 data (see Fig. 5) as an apparent flux of & 10 cm™2sec™l. The

zseé'l because the geometric factor of the E4 channel

true flux is more likely = 5 cm”™
for these very energetic, minimum ionizing particles is a factor of two larger than
quoted in Table A-1. This background has not been subtracted from our results;
although of galactic origin, the radiation masquerading as "energetic electrons" is
always present at the synchronous orbit, is practically indistinguishable from
energetic electrons, and may be of some practical consequence as an ever-present

background.

Bremsstrahlung Effects

During our calibrations, the bremsstrahlung e't'ficiehcies of the E2, E3, E4
channels were measured. Upper limits for the efficiencies were determined; those
upper limits fall well below 107# relative to the direct detection of electrons. In all
cases, we find that the galactic cosmic ray background exceeds that which might be
generated by bremsstrahlung.

Accuracy of Results

The dominant source of error in this experiment arises because of the
uncertainty, estimated to be & 20%, in the geometric factors. All other experimental
sources of error are minimal. While, under some circumstances, counting statistics
may contribute additional uncertainty, in this paper we are dealing with long term
flux averages which effectively eliminate counting statistics on an error source. It is
important to reiterate that our measurements deal with a high variable phenomenon
characterized by significant deviations from the mean. Comparisons of our results
with those of others need to take this into account and also recognize that imporant
long term effects (related to the 11 year solar cycle) in the structure of the radiation
belts exist.
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TABLE A-1
Omnidirectional Geome

Fa

Passband or
Channetl Threshold (Mev) &G
El 0.140-0.600 0.115 cmisr
E2 0.700 0.00349 cm®
E3 1.55 0.0176 cm®
B4 3.90 0.0688 cm?’
-36-
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Figure A~-1

Figure A-2.

Figure A-3.

Figure A—.

Appendix Figure Captions
Schematic block diagram of detector/electronic system.

Overall view of the energetic particle spectrometer on ATS-6.
Directional detectors (E1 channel) are housed inside the cylindrical

collimator structure in the foreground.

Efficiency of detection of electrons in the E1 channel. This channel has
a nominal energy sensitivity of 140-600 keV. Sensitivity of this channel
below the nominal electronic threshold is associated with the finite
noise of the detector.

Effective area of the E2, E3 and E4 electron channels as a function of
electron energy. This effective area, when integrated over the angular

response of the detector, yields the omnidirectional geometric factor.
Bremsstrahlung efficiencies fall well below lower limits of this figure.
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C_2696) 711016721725 446456765662 323517246741 614173704541 172473452610 706667671724 675100551367 152517245604
C “3744) 712331165407 172462555173 736424611725 430224237426 345417254141 020126247555 172541553253 345707061725
(__2792) 42541546 747 27/ SKISF3F7? FPIPTIPIIIPT 6. .5737777777 PPPRTIRIAT2S 442173137177 136217254272 347565761255
C 3247) 17254224 246 663232761725 437222666472 273217247702 351212756425 172475117270 600751261726 764 77325775
( 38RM3) 207317254027 372156256065 172563146753 545132631725 4704406017214 101617256670 £17216341704 172556254352
C 3936) 37142441725 5.7652732314 S45717254053 333414716715 172542662353 621237061725 416420314206 311317247473
€ 3984) 76507 7.7°L7 172547643413 413360746557 377777077777 7TTI6GSTITTI?  TTTITIIVITIV

777777776757
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C 6552)  S7L0TTPRTTTT PTPTEISTIVIT TITITVIVIVICA 6 STSTTITIV?T  PIPPTPITO6OST?  3YTIIIVIVLNT V776 SYI?VT  (0IPTTIAIVY
(__40BQ) 605737777777 7(7772776057 377777277777 777760573777 777772772777 605737777777 ?77777776057 37777 ;
CUTUTTCUTRAZEY T AV v TSTRTF RIVIIITINITY  GUSTSTIIETIT TPFV?IVIVVGISTY?  BUTPIOLIAPATT FTVEIETST3777  CPPTPEPIPIRT  OUSPIIRTIPYT
( _4170)  FTIT7IPI6357 37P?7P7722777 7P S573TPT 7P {7FPI777I? 50573777TTI7  FITIT?7i76 .57 IPTITTIFVPVL  7TIT6(ST3777
( 4&224) 777777777777 6. 5730777777 ¢T77777776057 377777777771 777760573777 777777777777 60S737777777 777777776057
(__4272)  37777TITRITT _ T7RVIG6LSI37R7 _ 7ITTIPI7E¢777 _0UST?IVITIFI7 _ TP7777776057 377777777777 777760573777 77772 ¢FT7717
( 4321) 6 5737777777 777777776 57 377777770777 777760573777 777777777777 6 .5737¢77777 (77777776 57 377777777777
( 4368) 777760573777 7777777I7777 60SPITIITT77 7777 77276C57 377777777777  7T7F760573777 7777771771777 655731777777
— U 4h16) 7777777657 377777777777 777060573777 77777777777 605737777777 7177777776:57 377777777777 777760573777
( 4b64)  TTITTIITITIT 6 57327277777 _FTTTITET6°ST _ 3T7IITIVIVIT _ PP776TSTITIT _ITFTITITI7I7 605737777777 777777776457
C 45123 277777777777 77776.S73277 777771777777 6 SF37777797 777777776.57 377277777777 77776 573777 777777777777
( _456_.)  oU5737777777 FTITTTVI776057 3777777 T777  TTTTLUSTIVIT  PIITTIRVIVI7  _6UST3I7777777 _77711¢7776.57 377727777277
 4&08) 77776573777 777771772777 605737777777 7777¢7776L57 377777777777 777760573777 777777777707 605737777777
(_4658)  777777776.57 3777777770%7 77706 573777 772777727777 60STITIVFVPT ?7VIVTI76°S7  BTPIIVITIVIT  PI7T6C573ITIT
C 4774 (77707077777 6-57377271777 7777{7776057 377772777777 7477163573777 777777777717 6oST37772777 1077777726257
(_ 4752)  377¢¥?777777 77V260573777  PTTVITR?RINT _6USTIPRVPPVIV TRFIIVIV60S7  3TFVTTITIVI? PRP60STIVVT PPITVIVIVTILY
( 480> 6. 5737777777 777777776.57 377777777777 777760573777 727777272777 &LS737777777 7E7770776.57 327777777777
(_4B&3) 77770573777 777777772777 05737777777  7T7VPIIT6.57 BPVV?TITIVIV _PTIV6CSTIVI?  PTPTPVIRVIVIT 60573 PV77TIT
48969 777777776757 377771777777 77776573777 777777777777 605737777777 777777776 57 377777777777 T77776.503777
G 4944)  7TIPPTITIVI?_ 6NSPITPTITVIT UTIRLTIY
FILE _ INPUT DATA RECURDS MAX. READ ERROR SUMMARY INPUT RETRIES
RECS . INPUT SIZE PERM ZERG B SHORT UNDEF. HRECS. TOTAL#
1 341 342 3728 2 g 0 0 o 0
£0J DUMP STOPPED AFTER FILE 1 4 OF PERMANENT READ ERRORS O

START TIME 11/2&/79 "7:54:29 STOP TIME 11/28/79

:7:564:53
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